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ABSTRACT . ^ u ;i 

This document, ptesents an overview of knowledge 

gained from' the scientific explorations <j)f the moon between 1969 and 
" 1972 in thfe Apollo Pro^gram. Answers are given to questions regarding 
-^^life on the moon, surface composition ofjrocks on, the mooh, the 
■-^"nature of^the moon's interior, characteristics of lunar ^'.'soil, •• the 
age, history and origin of the moon. Also discussed are answers to 
Qusstions dGriv&d from lun^r rssGdrch about the Earthcreation an 
■,early history, the chemical composition of,matter ejected by the Sun, 
^and t)/e' Sun’s past history,,and the early history of other planets. 

sefttion on unanswered questions about the moon includes topics sach 
'^as^hemical composition of the whole moon, reasons for its uneven 
: shape, composition of .the core, age of its youngest rocks. Several 
-bdoks for further reading are listed, and a source for educational 
materials from the Lunar Sciqnce I-nstitute is given. (CS) ' , 
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/yby Dr, Sevan M. French, 
Program Chief . 

NASA Extraterrestrial Materials/’' 
Research Program 


Open for Inspection. Apollo 10 
astronauts took this photo soon aft^r 
leaving their lunar orbit. Terminator 
line at left runs at'(about 5 degrees 
west longitude. Sea of Tranquility is 
large dark area near center of photo. 
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BEV/W-jrFRENCH has studied 
lunar'vani'ples and terrestrial meteorite 
, craters for more than 10 years. The' 
geologist manages NASA's programs 
for research on lunar samples, 
meteorites,»and other extraterrestrial 
material while continuing work on 
ancient meteorite craters. In 1973, Dr. 
French helped discover a Brazilian 
impact crater 2Smiles in diameter and 
150 million years old. 
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In 1969 over half a billion people 
witnessed'the "impossible " qoming 
true as the lirst men walked, on the 
surface ol the Moon, for the next 
three years, people of many nationali¬ 
ties watched as one of the great 
explorations of human history was • 
displayed on their television screens.- 
Between 1969 and 1972, sup¬ 
ported by thousands of scientists and 
engineers back on Earth, 12 astro¬ 
nauts explored the surface of the 
Mppn: Protected against the airless- 
ness and the killing heat of the lunar 
environment, they stayed on the 
Moon fdr days and some of them 
travelled for miles across its surface 
in Lunar Rovers. They made scientific 
observatidns and set up instruments 


to probe the interior of the Moon 
..They collected hundreds of pounds 
of lunar rock and soil, thus beginning 
the first attempt to decipher the origin 
' and geological history of another 
world from actual samples of its 
crust (Figure 1). 

The initial excitement of new suc¬ 
cess and discovery has passed. The 
TV sets no longer show astronauts 
■ rgoving across the sunlit lunar land- 
. scape. But here on Earth,'scientists 
are only now beginning to under¬ 
stand the immense treasure of new 




Figure I. The New Explow. Framed by the mountam , 

Ground the Moon's Littro^ Valley, >Apo//o //^ geofogisl 
astfonaut H$rrison H. Schmitt sweeps with a special rake to 
collect lunar samples. As it passes through the lunar soil, the 
rake sieves and collects rock chips 1 to 2 cm f '*2 to one inch) m 
size. The chips were returned to Earth for analysis. 

. Ffgun 2.' Th9 StmpUng ol the Moon, Arrows indicate the locations from 
whichjunar samples have been returned to the Earth (or scientific, study. 

The “A" symbols mark the landing s/fef of the Apollo 11 through ApolJ^I? 
missions. (The Apollo 13 mission did not land, Enroute to the Moon, an* 
oxygen tank exploded: the crew returned safely to Earth.) The "L" symbols 
indicate the sites near the eastern edge of the Moon from which Russia's 
automated landers, Luna-16 and Luna-20, returned smalt sarnples ol lunar soil. 


knowledge relgmed by the Apollo 
astronauts. , 

The Apollo Program has left us with 
a large and priceless legacy of lunar 
materials and data. We now ha^e 
Moon rocks Collected from eight dif¬ 
ferent places on the Moon (Figure 2), 
The six Apollo landings returned a col- 
j^lion Weighing 382 kilograms (843 
* nds) and consisting of more than 
2,000 separate samples. Two auto¬ 
mated Soviet 'Spacecraft named 


ERIC 


Vi 



1 











✓ 




(* 


Lun!^16anc) Luna-20 returned small 
but important samples, totalling about 
• 130 grams (five ounces). 

Instruments placed on the Mpon by 
.the Apollo astronauts as lorig ago as 
1969 are still detecting moonquakes 
. and meteorite impacts, measunrig , 
the Moon's motions, and recording 
thf heat flowing out from the inside of 
the Moon. The Apollo Program al§o 

■ carried out a major effort of photo- 

■ graphing and analyzing the surface 
of the Moon, Cameras on the Apollo 

■ spacecraft obtained so many accu¬ 
rate photographs that we now have 
better maps of parts of the Moon * 
than we do for some areas on Earth. 
Special detectors near the cameras 
measured the vveak X-rays and radio¬ 
activity given off by the lunar surface. 
Rtom these measurements, we h^ve 
•oeen able to determine the cher^ica'| 
.composition of about one^quarter of 
•theji/loon's surface, ar?^ea the size 
,ot me United States and Mexico - 

. combined. By comparing the flight 
data with analyses of returned Moon^ 

3 we can draw conclusic^s’ 

the chemical composition and 
of the entire Moon. I 
.. Vhus,- in less than a decade, sci¬ 
ence and the 4’g^llo Program have 
changed our Moon from aa unknown 
and unreachable object into a familiar 
•world. 


What HAS THE APOLLO 
PROGRAM TOLD US 
' ABOUT THE MOON? ■ 

What have we gained from all this, 
exploration';’ Before the landing of 
Apollo 11 on July 2D, 1969, the 
nature and origin of the Moon'were 
still mysteries. Now, as a result of the 
Apollo Program, we can answer » 
cjuestions thakremained unsolved 
during centuries erf speculation and^ _ 
.scientific study; ^ 

(1) Is there life on the Moon? 

Despite careful searching, neither(liv- 
ing organisms nor fossil life haye ) 

: been found in any lun^r saniples 
! The lunar rqcks were so barren of life 
that the quarantine period for re¬ 
turned astronauts was dropped, after 
the third Apollo landing. 

I The Moon has no water of any// 
kind, either free or cherfiicalljm^- 
. bined in the rocks. Wapr is a 'sim 
stance that is necessary- for life, and 
it IS therefore unlikely that'life could 
ever have oaginatecl orwthe Moon. 
Furthermore, lunar rocks contain only 
■^inf amourj^fe of the carbon and car- 




bon compounds out of which life is 
built, and most of ihis carbon is not^ 
^nbtive to the Moon but is brought to 
the lunar surface in Vnelftonres and 
as atoms blasted out of Ihe Sun. 

(2) What is the Moon mad^of? 

Before the first Moon rocks were 
collected, we could analyze only two 
types 6f'bodies in our solSJ system: 
our own planet Earth and the.meleo- 
, rites that occasionally fall to Earth 
from outer space. Now we have 
learneo-that the Moon is-chemically 
different from both of these, but il is 
■ mosTlike the Earth. 

^ The Moon is made of^Cks. The 
Moon rocks are so much ti^e Earth 
rocks in their appearance that we 
can use the same terms to describe . 
both. The rocks are all igneous, 

^hich means that they formed by.lhe 
coQling of molten lava. (No sedimen¬ 
tary rocks, like limestpne or shale, 
which are deposited in wat^, have 
► ever been found on the Mron.). ^ 
The dark regions (calleg "maria") 

' that form the^atures of "me Man in/ 
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the Moon" are low,' level areas cov- , 
ered with layers c4 basalt lava (Figure 
3)? a rqck similar to the lavas that 
erupt frocnHerre§irial volcanoes m 
Hawaii. Iceland, and elsewhere The 
light-colored parts of the Nioon 
(called "highlands") are*hlgher. more 
rugged regions that are older than 
the mafia. These areas are made up 
of several different kinds of rocks that 
cooled slowly deep within the Moon 
, (Figure 4), Again using terrestrial 
terms, we call these rooks gabbro, 
norite, and anorthosite 
Despite these simijanties. Moon 
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^ Figure 3. Frofdn Lavs from tha Lunar Sea$, This chunk of 
0 lunar lava returned by the Apollo 15 astronauts still preserves 
.bubbles produced as the lava poured out onto the surface of 
the Moon more than 3 billion y^s aQO The lava solidified so 
quickly that the bubbles, formeWby escaping gas, were 
trapped in the solid rock. Because the Moon rocks contain no 
^ water, some other ^as must have formed the bubbles. 

’ Possible gases are carbon dioxide, sulfur^dioxide, or hydro¬ 
chloric acid. The specimen is about 14 centimeters (6 inches)' 
acrdss . * ' ^ 
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Figure 4. The ancient crust of the Mioon. A small rock 
Iragmer)!, collected by the Apollo 17 astronauts, holds the key 
to the earliest history of the Moon. The r^k. called a troctolite, 
is composed mainly of two minerals, yellow-brown olivine and 
gray feldspar. The a^e of this specimen is measured at 4.6 
billion years. It may have been some of the first material to 
solidify when the Moon was formed. 
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rocks and Earih rocks arc biisically 
diKoront, and it is oasy to loll lliom 
apart by anjilyzinc) Ihoir chomisliy or 
by examining them iindor a micro 
scope (Figure 5) The most obvious 
difference is that Moon rocks have no 
water at all, while almost all lorrosinal 
rocks contain at least a percent or 
two of water Ttie Moon rocks are 
• therefore very well-preserved, be 
cause they never were able Jo react 
With water to form clay rninerals*or - 


nisi A 3' liillion year old Mbyii rev k 
looks Iresher lhan water tvsinnipava 
|usl I'rupled lr(.)ni a teii('Slri,il vnl \ 

(MHO \ 

Aiiojhei im()orlanl dilli'ieiice is III, it 
llu' Moon rocks lormed where lher« 
Wits almost no tree oxygen As a 
resull, some ol the iron in lunai rocks 
w,is not oxidi/etl when the lunar 
lavas lormed and sittloccurs as small 
cayslals ol meiallic iron (f-i|)ure 6 ) 
Because Moon rocks have never 
t)een exfxjsed to water or oxygen, 

, any contact with Ihe Earth s ^ilmos 
pher,e could 'rush them badly For 


this re,l;,on, Ihi' relumed Mulln ';,im 
plm. ,iie caielully sloied p .in .ilmoi. 
pheie ol diy nili()()en ylfid no riioie ol 
Ihe lull, II m,ileiraHh,'Tii ne( es;„iiy is 
exfiosi'd to the l,iliui,ilury ,ilmu:, . 
pheie while the sampk’S -ire tieing 
,in,ily/ed 

rtie Moorcocks ,ire m,ide ol Ihe 
s,ime chemical elemenis, lh,'it make 
up Earlti rocks. allhoiKjh ihe t)iotH)i 
lions are dillereni Moon rocks con 
lam more ol Ihe common elemenis 
calcium, aluminum, .ind lil.inium ih.io 


FIgun 5. Ttm Fabrk ot tha Moon. Undet ,tri 
opticalmicmcope. the ciystal stnictuies ol an 
A(k>llp t2 lunai basalt are revealed by shining 
polarized light through a polished slice ol rock 
only a lew hundredths ol d millimeter thick 
The rock contains crystals ol three minerals' 
yellow-brown pyroxenerclear while leldspar, 
'and black ilmenite The mtergrown character 
of the crystals is typical ol molten lava that 
has solidified quickly The largest crystals are 
about a millimeter long 


' FIgurk 6. llletal from the Moon. Faceted tike 
gems, tmy^crystals ol iron metal nestling mTa 

is> 


\ 

. \ 


cBvfty in a lunar rock are illuminated in this) 
picture taken with a scanning elecflron micro^ 
scope. The crystals, only a few thousandths of 
a millimeter in size, were probably deposited 
more than 3 billion years ago by a hot vapor 
that contained^ no free oxygen and no water 
These fragile crystals have been preserved un¬ 
changed on the dry, airless Moon for billions^ of 
years: on Earth, they'would bequicHly destroyed 
by exposure to air and water if they were not 
\carefutlystoredm a dry^nitregen atmosphere 
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8 do most Earth rocks Rarer oliMiioriis 
like halnium and /ir'coniurn, which 
have high melting pcDinis, am also 
■ (Dote pleniiliil m lunar rucks How 
over, other olomonis liko sodium iincl 
pdlassium, which have low rTiolimy 
points, are scarce m luniv material 
Because Moon ‘rocks are richer in 
high-temp^ture olemenis and con 
' tain less l^temperaiure elemonis, 
j Icieniisis believe ihai the material 
That formed the Moon was once 
healed to much higher temperatures 
than material that formed the Eartti 
The chemical composition of the 
Moon also is differennn different 
places. Soon after the Moon formed, 
various ejepienis sorted themselves 
out to form different kinds ol rock 
Th^ light-colored highlands are rich 
in calcium and aluminum, while the 

J , 


diiik culumd maria contain li'ss ol 
Itioso elemonis and mom I 1 I. 14110111 , 
iron, and miignosium 

(3) Whtt !• th« Iniide of tht Moon 
lIKo? 

Sonsiiive insliumonis placed gn the 
lotiar surlaceitiy lh(‘ Apollo astro 
nauls lire' still mcordiny the liny vibra 
lions caused by hioloorilo impacts on 
the surlace.X)l the Moon and by small 
"moonquakos deep*within it Ttiese 
vibrations provide' Ihu^ila trom 
which scionlisis’'dolermiiu* wtial Itie 
inside ol Iho Moon is like 
About 3,000 moonquakos are tie 
loclet| each year All of them am very 
weak by terrestrial standards The' 
average rnoonquake releases about 
as much energy as a luocracker, and 
Iho whole Moon releases less Iharr 
one-len bilbonlh ol the earthquake [ 
'energy ol Itie Enrtti Jhe moonquakes 
occur about 600 lo 800 kilometers 
(370 lo 500 miles) deep inside the 
Moon, much deeper ihah almost all 
the quakes on our own planet. Cer- 


(. 

\ 
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l.iin^kinds ol mooiKjiiakes occur at 

about the samoliino overy riiurilh, 

suyqosliiK) that they are Itiqqomd by' 

ro()('alod lulal strains as Itio Moon / 

moytis in its oiliit *ir('uinil the Fartfi 

A (iiciurt' ol Itie iqsido ol Iho Modi) 

has slowly tit'on'ppl logolhor Irorn 

Iho records ol thousands of moon- 
» • 

quakos, meieorilt.' impacts, and thie 
deliberate impacts ol discarded 
Apollo rocket slagt.'s onlo the Mdon 
,Ttie Moon is not uniform inside,.but is 
divided .into a senes of Inyers jusi as 
the Earth is, althouqti the layers ol 
Iho Earlti and Moon ^ire dilli'renl. The 
oulormosi (i.irl of the Moon is a wusl / 
about 60 kilcjmelers (37 miles) tijfcly/ 
probably composed of calcium- ij/fKi 
aluminum rich rucks like IfiosttJoiirid 
in the highlands Beneath this crust ts 
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a thick layer ol (Jonsor rock (itu' 
martlle) whioh oxioncls cIoam lo imiv 
than 800 kilorrHtlers (SOO nnlos) 
{Figure f) • 

The deep interior ol Iho Main is 
still unknown ThQ Moon may contain 
a small iron core al its cimim, and 
there IS some ovidoncn ihai ihn Moon 
may be hot apd even paPiy moiicn 
insido 

The Moon does noi now havo ly 
'maonbTic field like iho [..uih s. iiniTsi^ 
the most ballling and unenfiected 


itfiull ol Itin Apolle rioijMin was Ihc 
IliMOvr'iy ol pntM'ivinl iii.Kjot'lisin iii 
inaiiy aj Itin nld lidiji iO( ks Oiin 
niplaii.ilinn is lhal llin Moon had an 
ani'innl iTiaiinclii. held lhal soinnhow 
disappisimd .illni Ihc old limai locks 
iKid loinifd 

(')nt' rtsison wn have tieeii ahli* 1^) 
le.ifii Ml flinch ahriiii ihe Moon fi 
inlenoi is lhal Ihe in‘;lrutiienl;; pi.iced 


(in Ihe Mikhi tiy Ihe Apollo .islion.lills 
have opei.iled iiuich longei.lhan ex . 
peeled I'fiine ol Ihe inslKiiiie'iils 
niiijin.illy di'sii)ned loi a one ye.if 
lilelime, l>ave tieen (iperaliinj i.ince 
lUtitt.jnd l9/l) Itiis long (ipeialion 
has prnvided mloirnalion Ih.il we 
could nyl have ot)t.iined Itoiii shorloi 
records 

. Iho lone) lilglime ol Ihe lusil (low . 


More iBiifiiiir Loval 


Deep Moon Quokes 


■ Earth 


Dense Layer 


Flifun 7. A Thmunh the Moon. Jtir . 
interior (>/ fhr* W x iai car i r x i w r x' (A vh > ■< / / r i/. i 
/flyer’s as sorjnf/.s/s inter prt'td,U,i stilUieinii' 
return^Irnminstruiwnts onihi'taiw >>ii'>ri< e 
The Moon haeen outer crust ,in mim rfuinlie 
and an irinermo.sl zone Ahich muv still he 
partlymollen Wi^hmtnisinnenrxyjtyoie ^ilxmi 
2X0kilometers(t-tOOnnlfisliruJianeter their- 
may exrsf a smaller metallic core (dastied 
pircleI Most iTKionQuakes {t)l-,x:k stn lan's ’ 
occur deep wihifi the Mion 
The lunar suf/aOe an^rust are not umlnr/v 
The Ez^h taaoq side is relahvi'iv smixiin a'xl 
shows large accumulations nt lava ; W.k:T ' 

The far srete is much°TWnTTO^ii l has a 
thicker ausl^ndalrrmt no lava i Thed/rxiram 
IS not to scale and the ruggedness of 
Moon s far side has been exaggerate!i 
MaptedtromdataproyidedbyA M-D,>iniv 
N fl Gaps andM N Toksdz} 
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experiments set up by thp Apollo 15 
^ and ^7 rpissidns has made it possi¬ 
ble to de'termine more accurately the 
amount of heal cgming out-of the' 
Moor^; This hgaf flow is a basic , 
indicator of'tl^ temperature, and . 
composition of the inside.ofihe . ■ 
Moon. The new value, about two- 

• Ihirds.of.the value calculated from . 
ewlier data, is equal tg about orie- 

• third the amount.of belt now corfiing 
put of the iqside.bf the Earth. As a * 

■ result*, we can now procfbce better 

models of what the inside, of-the' 
JMoon is like. . ' - ' ^ 

^ As they probed Jhe lunar interior, 
the Apoilo instruments have provided 
information about the space environ¬ 
ment near the Moori. For e>ffimpre, 

■ the sensitive devices used to detect 
.• moonqtiakes have aisp recorded the 


vibrations caused by the impacts of 
small meteorites .onto the lunar 'sur-’^ 
Tace.^We now have long-term records 
of pOw Often meteorites strike the 
Moon, and we have learned that'' 
these impacts do not always occur at- - 
random. Some smallmeteorites seem 
to travel in groups. Several such . 
swarms, composed of meteorites , 
weighing a few pounds each, struck 
the Moori'in i^5. The detection of 
such eventsTsgiving scientists new 
idda,s about the distribuSon of-meteo- . 
rites and cosmic dust in the solar 
systOm. 

The long ■lifet1rfie,of the Apollo 
instruments has also made several 
cooperative projects possible. For ex¬ 
ample, our. instruments were still 
making magnetic measurerhents at 
several Apollo landing sites when, 
elsewhere orvthe moon, the Russians 
landed similar instruments attached 
to their two automated Junar roving , 
vehicles (Lunokhods). By making slV' ■ 
multaneous measurements and ex- 


' changing data, American a\d Bus-' 
Sian scientists have not only provided 
a small example of international co¬ 
operation .in space, but they have 
jointly'obtained ai better picture of the 
magnetic properties of-the Moon and « 
the space arounf: 

(4) What is the/Moon’s .surface like? 

Long before^he Apollo Program sci¬ 
entists could see that the-Moon’s 
surface was complex.'Earth-based 
telescopes-.could distinguish thp level 
maria and the/ rugged highlands. 
could reeognize couritless circular 
craters, rugged mountain ranges, 
and deep winding canyons or rilles: 

Because of the Apollo explorations, 
we have nowlearned (hat all these - 
lunar landscapes'are. covered by a 
layer of fine broken-up powder and 
rubble abojut 1 to 20 meters (3 to 60 
feet) deep./This layer is usually called 


11 




f/guro 8. The Smallest of Craters. The bornbardment of the lunar surface 
by cosmic particles of alf sizes is graphically illustrated by Figures 8 and 9. 
Figure 8 (1^1) shows a cratered spherule of lunar glass less than a 
rmffimpter (1125 inch) in diameter. 'The spherule, collected from the lunar 
soil, was once struck and shattered by an even smaller particle of cosmic 
dost that blasted'a crater in the glass surface. 
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♦ 12 the "funar soil," although it contains 
, no water.or organic.material, and ifc'is 
(ifTOtally different from soils formed on 
Ear||i by the action of wind, water. 
Snd life. ,j-' H 
The lunar'sdj| is something entirely 
new to scientists, for it could only 
have tfeen formed on.the surface of 
an airless body like the lyi.oon, the 
soil has.beer*i built up bver^.billibns of 
years by the continuous bbrnbard- 
rrient of the unprotected-Moort- by' 

■ large and small meteorites, most of 
■' which would have burned up if they 

^ad entered the Earth’s atmosphere. 

These meteorites form craters 
-when they hit the Moon^.Tiny parti¬ 
cles of cosmic dust produce micro- 
. scopic craters perhaps 1/1000 of a 
millimeter (1/25,000 inch) across, 
while the rare impact of a large bddy 

■ may blast'o,tJt a crater many kilome- 
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,14 the Earth and Moon also formed at Some Moon rock's' preserve traces of 
. ,■■ ■ that time. However,.the oldest known . even older lunar events. Studies of, 

,. rocks on Earth are only 3.8 billion ' ^‘these rocks indicate that widespread 
■ years old, and scientists‘think that the . Imelting and ohemical separation . 

: • older, rocks haye beep destroyed by . j were goingi on within the Mobn aj^ut 
the Earth’s continuing volcanism, . '4.4 billiora'years ago, or not long Mter 
mountain-building, and erosion. •; the Moon had fcl'med. • 

The Moon rocks fill income of this One of the techniques, used to 
gap in time between th^Earth’s old- . establish this early part of lunar his- 
est preserved ropks and the forma- tory is a new age-dating method , 

tion of the-solar system. The lavas (involving the elements neodymium 

. from the dark maria are the Moon's, . and samarium) that was not even 

youngest rodks, but they are as old possible when the first Apollo sam- 

as the oldest rocks found on Earth, ,ples were returned [n 1969. The 
with ages pf 3.1 to 3.8 billion years. cornbination of new instru|ments and 
I Rocks from the iiJhar,highlands are careful protection of the lunar sam- 

'■ even older. Most highland samples . pies from contamination thus make it' 

have ages of 4.0 to 4.3 billion years, possible to understand better the- 

early history of the Moon. 

Even rhore exciting is the discovery 
that a, few lunar rocks seem to record 
the actual formation of fhe Moon.. 
Some tiny green, rock fragments col¬ 
lected by the Apbllo 17 astronauts 



have' yielded* an apparent age of 4.6 
• billion years; the time at which scien¬ 
tists think that ]he Moon and the.eolar 
, §ysterTi formed. .Early in 1976, scien- 
^tisis identifj,ed another Apollo 17 crys- 
' talline rock with the same ^ncierit 
age' These pieces may be some of 
. the first material that solidi.fied frdm 
the once-molten Mpon. ' * 

(6) What is the history of the Moon? 

’ The first few hundred million years of’ 
the Mpon's lifetime were so violent . 

. that few traces of this time remain. . 
Almost immediately after the Moon 
formed, its outer part was completely 
melted to a depth o’f several huritired 
. kilometers. While this molten layer 
gradualjy cooled and solidified into 
different kinds of,rocks, the Moon 

J : 


; 


> 

s, 


was bombarded by.tiuge asteroids 
anqt|smaller bodies. 'Some of these,, 
asteroids were the size of small, 
statds, like Rhode Island or Delaware, 
and their collisions with the Mooq . 

. created huge basins hundreds of 
'kilometers across. • 

This catastrophic bombardment 
die'd away about 4 billion years ago, 
leaving the lunar highlands covered 
with huge overlapping craters and a 
deep layer of shattered 3nd broken 
rock (Figure 10). As the bombard¬ 
ment subsided, heat pjoduced by 
the decay of radioactive elements 
began to melt the inside of thelVIoon 
at depths of about ^0 kilometers 
' (125 miles) below its surface. Then, 
for the next half billion^e.ars, frorn 
about 3.8 to 3.1 billion years ago, 


■great floods of lava rose from inside ■ 
the Moon and pourdd out over its sur¬ 
face, filling in the large impact basins 
to form the dark par'ts of the Moon that. 
w^see today, ‘ 

' As far as we now l^nqw, the Moon , 
has bee“n quiet since the last,lavas 
erupted more than S-btHiori*years 
ago. Since then, the'fVloon's surface 
has been altered only by rare la;ge • 
meteorite impacts and by 'atomid^ar- 
ticles from the Sun and the stars. The 


,Mopn has preserved, features formed 
almost-4 billion years ago. and if men 
had landed oh the Moon a billion • ■ 
years ago, it would have looked very 
much'as it does now, The surface of 
the Moon now'changes so slowly that 
the footprints left by the Apollo astro¬ 
nauts will remain clear and sharp for . 
millions of years. 

This preserved ancient history of 
the Moon is in sharp contrast tc the 
changing Earth. The Earth still be- 


rigure 10, The Rubble of Ages/This fragtie white, feidspar^n^ch 
junar rock, collected by the Apollo I6 astronauts, rs a sampievi the 
^mateneil that covers the light-colored highland regions of the Moon 
• This unusual specimen, called a brecoa, is composed of numerous 
pieces of many kinds of rock with different sizes, shapes, colors, 
and compositions The mixture of broken and crushed rocks m this 
specimen records the continuous bombardment of the Moon by 
j large cosmic t^odies more than 4 billion years ago, an event that tell 
I the Moon's surface covered with a thick layer of shattered rubble 
The specimen i$ about W centimeters (4 inches) across 
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haves like e|,young..planet. Its internal . 
heat is active, and volcanic eruptions 
:and mountain-building have gone on 
continuously as'lar back ag we can 
decipher the rocks. According to new 
geological tlieories, even the present. 
ocean basins are less thah about 200 
million years gl'd, having formed by 
. the slow separation .of huge rtioving 


plates that make up the Earth's crust. 


(7) Where dtd the Moon coQUe from? 

Before we explored the Moon; there 
, were three main suggestions to ex¬ 
plain its existence: that it had formed' 
near the Earth as a separate body; 
that it had separated from the 'Earth; 
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WHAT iHAS THE 
MOON TOLD US 
ABOUT THE EARTH? 


and that it had formed son^ewhere 
else and been captured by the .Earth. 

'Scientists still cannot decide be- “ 
tween these three theories. However, 
we have learned that the Moon 
formed as a pajt of our solar system 
ahd'that it has existed as an ihdivid- ■ 
ual body for 4.6 billion years. Separa¬ 
tion from the Earth is now considered 
less likely because there are man,y»'‘ 
basic differences in chemical compo¬ 
sition between the two'bodies, such 
as the absence of water on the 
Moon. But the o^er two theories are 
still evenly matched in their strengths 
and weaknesses.. We will need more 
data and perhaps some new theories 
■ before" the origin of the Moon is 
settled. 


It might seem that the active, inhab¬ 
ited Earth has nothing in common 
with the quiet, lifeless Moon, Never- 
theless, the scientific discoveries of 
the Apollo.ProgVam have provided qf 
new. and unexpected, bok into the r 
early history of pur own planet. Scien¬ 
tists think that all the planets formed 
in the same way, by the rapid accu-''' 
rnulalion of small bodies into larger 
ones ab0Uf 4.6 billion years ago. The^ 
Moon's rocks contain the traces of 
this process of planetary creation. , 

The same catastrophic impacts and 
widespread melting that we r|cog- 
nize on the Moon must also have »► 
■dominated the Earth during its early^ 


.( 




Figure 11. An Ancient Impact Scar on the Earth. 

Viewed trom-a(i^tide of 500 mUes, the circular 
Manicouagan sraScS/ra fn Quebeq^ Canada, Stands 
out clearly in this picWre taken Irorff NASA's Land- ■ 
sat-1 satellite. Geological studies have shown that 
■ this structure, forrr]pd'aisqijit200 miflion years ago bj 
the impact ot a large asteroid, was once a crater 
about 80 kilometers (50 miles) in diameter, about the 
size ol manyjarge lunar craters. Although deeply ■ 
eroded sinceit lor'med, the central region (sur¬ 
rounded by the black-appearing waters of a 'reser¬ 
voir) still preserves rocks that were shattered and 
melted by the catastrophic force of the impact. 
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WHAT HAS THE 
MOON TOLD US 
ABOUT THE SUN? 





18 years, arrd about 4 billion years'ago 
the Earth nnay have looked much the 
same as'the Moon does now. 

The two worlds then took different 
' • paths. The Moon bepame quiet whila 
the Earth Cohtinued to generate 
ojiountains, volcanoes, oceans, an at- 
,■ .riibsphere, and life. The Moon pre¬ 
served its ancient rpckg, while, the 
' Earth’-s older rocks Were continually 
destroyed ancyfecreated asj^edn^r 
ones. .. 

•. • The Earth's oldest preserved rpck&, 
3.3 to.3.8 billion years old, occur as 
small rernnant's ih Greenland, Minne- 
■ sota, and Africa. These rocks are not 
_ - like the lunar lava flows of'the same 
age. The Earth's mpst ancient rocks 
. are granites and Sediments, and they 
"■ , tell us that the Earth already had 
mountain-b'^uilding, running wat^, 
oceans, and life at a time when^the 
last lava flows were pouring out 
across the Moon. 

In the same way. all traces of any ■ 
• .intense qarly bombardment of the- 
' Earth/nave been destroyed. The 



recDidof later impacts remains, how¬ 
ever, in nearly 100 ancient impact 
> structures that have been recognized 
on the Earth jn'recent years. Some^of 
these sKuctures are the deeoly V 
eroded remnants of eraterSl§ large 
-as those of the Moon (Figure 'h) and 
they/give us a way to study on-farth 
theprocess that once dominated 
otfi the Earth and Moon. 

Lunar scienceis also makirlg other, 
contributions to the study of the / 
'Earth. The new techniques devel- * 
opeql to analyze lunar’sarriplesiare 
eing applied to terrestrial rocks, 
C^ef^iical analyses can now be made 
m samples weighing only 0.001 
gram (3/100,000 ounce) and the 
ages of te/restri.al rocks can ngw be 
measured far (tiore accurately than j 
before. Apollo. These new techniqi^s. 
are already helping us to better un- 
cferstand the origin of terrestrial vol¬ 
canic rocks! to identify riew occur¬ 
rences of the Earth'sqldest rocks, 
and to probe further into the origin of 
terrestrial life more than 3 billion 
years ago. 


One of the most exciting results of 
the Apollo Program is that, by.going 
to the Moon, we fiave also been able 
to collect samples of the Sun. 

The surface of the Moon is cqptin- 
ually exposed to the solar wind, a 


stream of atoms boiled into space 


(' 


from thefeun’s atmosphere. Since the 
Moon formed, the lunar spil has trap¬ 
ped billions of tons, of tfjese atoms 
ejected from the Sun. The soil also 
contains traces of .cosmic rays pro¬ 
duced outside our own solar system,. 
These high-energy atoms, probably 
produced inside distant stars, leave 
permanent tracks when they strike 
particles in the lunar soil (Figure 12),, 
Byarialyzing the soil samples re¬ 
turned from the Moon, we have been, 
able to determine the chemical com¬ 
position of the-matter ejected by the 
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Sun and thus learn mor6 @bout how^' 
the Sun operates. ^ major surprise - 
was the discovery that the material iri. 
the solar wind is not the s,ame as that 
in the S\p itself. The ratio of hydro¬ 
gen to helium atoms in the solar wind 
f that reaches the Moon is about 20 to 
1 . But,.the. ratio of these atonns in the 
Sun, as measured with Earth-based 
(instruments, is orily 10 to 1. Some 
unexplained process m the Sun's 
outer atmosphere apparently oper¬ 
ates to eject the lighter hydrogen 
atoms in prelerence*to the t^eavier 
helium atoms. , . ^' 

Even,.mere important is the fact ■ 
that the lunar soil still preserves’ma¬ 
terial ejected by the Sun in the past.. 


• . i 

O' . ■ ' 

F/guro 12. The Tracks of the Stars, ^j^ort 
tracks made over miilipns of years by fast- 
movirig charged atomic particles that yvere ’ 
shot out of the San and other stars to 
eventually strike the surface of the Moon . 
crisscross a tiny crystal collected fromjhe 
lunar soil. The picture shows an area about a 
tenth of a millimeter across. The tracks, made 
visible by etching the crystal, are only a few 
hundredths of a fnillimeter long* Such grains, 
which may have trapped atomic particles for 
rniltions of years, preserve among other things, 
a unique record of the past activity of our Sun. 

(Photograph courtesy of Dr. R. L Fleischer, 
from Science, v. 167, p 569. 30 January 1970 
Vcj fhe American Association for the 
^Adva^ement of,Science. Used by perrnissionjj 
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20 . We now have a unique opportunity to 
studV the past behavior of.thje Sun. 
Our very existence depends on the 
Sun's activity, and by understanding 
the Sun's past history, w^can hope 
.to predict better its future behavior. 

These,^udies of the. lunar soil are 
only beginning, but what we have 
, learned about the Sun.sb far is 
' reassuring. Such chemical features 
as the ratio of hydrogen to helium 
'■ and the amount of iron fn solaC . 
material show no change for/at l^st 
the past few riundfecJ|,thousand 
yp^“ The lunar Samples are telling 
'US that the-Sun, in the recent past, 
i ^has behaved very much as it does 
today, making us optimistic that the 
Sun will remain the same for the 
' foreseeable future. ‘ - 

t As far as the ancient history of the 
Sun is concerned, the most exciting 
.• ' lunar samples have not yet been fully 

• 'examined. During the Apollo 15, 16, 


and 17 missions, three long cores of 
lunar, soil were obtained by.drilling 
hollow tubes into the soil layer. These 
■ core tubes penetrated as much as 
three meters (10 feet) deep. The; 
layers of'sbil in these cores contain a 
well-preserved history of the Moon 
andlbe Sun that may extend as far 
back as one and a half billion years. 
No single terrestrial'sample contains 
. such a long record, and no one 
knows how much can be learned 
when all the cores are caVefully 
• opened and studied. Certainly we will 
learn more about the ancient history 
of the Su'l^ and^oon. We may even 
- find traces of .Ine movement of the 
Sun and the solar system through 
different cegions of our Milky Way 
Galaxy. • ^ 
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WHAT ELSE 
CAN THE MOON 
« TELL US? 

4 

Although the Apollo Program offici ally 
ended in 1972, the active study of 
the Moon goes on. More than 125 
teams of scientistsiare studying the 
returned lunar samples and*analyzing ■ 
the information that continues to 
■ come from the instruments on the . 

. Moon. Less, than 10 per cent of the . 
lunar sample material has yet been 
, studied in detail, and more results will 
emerge as new rocks and soil sam-. 
pies are examined. . ‘ 

The scientific results^f the Apollo 
Program have spread-far beyond the. 
Moon itself. By studying the Moon, . 

\ we have learned how to go about the ' 
business of exploring'other planets. 

‘ The Apollo Program proved that we . ’ 
could apply to another world the 
methods'that we have used to learn 
about the Earth. Now'the knowledge 
gained from the Moon is being used 
with the photographs returned by 
•tMaripers 9 and 10 to understand the 
hisrories of Mercury and Mars and to 
interpret the data returned by the 
Viking mission to Mars. 

The JVIoon has thus become an 
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importantikey to dblving^ several fun- 
’« damental |qu^tions about the other 

Janets; *. \ 

. . . i- \ 

HI) What ia the Warty history of 
planiats? \ 

The first herif-billion years of the 
Moon's lifetime werp dominated by 
' intense and widespread melting; by 
catastrophic meteorit^e impacts, arid 
by great dfiiptions of'lava. Now 
close-up pictures of the planefs Mer¬ 
cury, and Mars shdw heavily-cra[ered 
regions and definite vdlcariic struc- 
, tures,. indicating that these planets ■' 
t also have been affected by the same 
, processes that shaped the Moon 
when it vyas young. Such episodes of 

- early bombardment and volcanic ' 
eruption seem to* be part of the life 
'Stdry of planets. Our own Earth must 

- . have had a similar history, e.ven 

' though the traces of these primordial 
events have been removed by later 
changes. 

(2) How do planets develop mag¬ 
netic fields? 

We have kr\own for centuries that the 
• |arth has a strong magnetic field 
•However, we still do not know exactly 
how the Earth's field formed, why its 



/ 


strength va[ies, or why it reverses 
itself every few hundred thousand 
years or so.' : , 

One way!tO'learn about jhe Earth's- 
magnetic fi^ld is to study the rn^- 
netic field ofi other planets. Irvfhis 
respect, theiMoon is surprising. It has 
no magneticjfield today, but its rocks 
suggest that lit had a strong magnetic 
field in the past. If'-the Moon did-have 
an ancient magnetic field that some¬ 
how “switched off about 3 billion 
years ago,‘4hen continued study of 
the Moorvmay help us learn how , 
magnetic fieldf are produced in other 
planets, including our own. , 




(3) How did lif^ originate? 

Even the lifeless lunar^oil contains - 
simple molecules form^ by reaction 
between the soil particles |hd atoms 
of carbon, oxygen^ and niflrogen that 
come from the Sun. In a more favora¬ 
ble environment, these simple mole¬ 
cules might react further, forming the 
more complex molecules ("building 
blocks") needed for fhe development 
of life. The sterile Moon thus sug¬ 
gests that'the basic ingredients for 
life are common in the universe, and, 
further study of theUunar soil will tell 
us abou* the chemist reactions that 
occur in space befor^life develops. 
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WHAT MYSTERIES 
REMAIN ABOUT 
THE MOON? 

) 

Despite the great scientific return 
from the Apollo Program, there are 
still many unanswered questions 
about the Moon: . 

(1) What is the chemical composi¬ 
tion of the whole Moon? 

We have sampled only eight places 
ofi the^ Moon, with six Ajoollo and two 
Luna landings. The cherpical analy¬ 
ses made from orbit cover only about 
a quarter of the Mbon’s surface. We 
still know little about the far-side of 
the.Moon and nothing whatever . 
about th^ Moon's polgr regions 

(2) Why is the Moon uneven? 

Orbiting Apollo spacecraft used a 
laser device to measure accurately 
the heights of peaks §nd Valleys over 
much of the lunar Surface. From 
these careful measurements, scien¬ 
tists have learned that the Moon is 
not a perfect sphere, ft is slightly egg- 
shaped, with fhe small end of the 
egg pointing toward the Earth and 
the larger end fading away from it. 
Ttiere are other major differences . 
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betyi/een the two sides o( the Moon, 
■ffie front (Earth-lacing side), which is 
the small end of the egg. is covered 
with large dark areas wtpich were 
produced by great eruptions of ba¬ 
salt Igva between 3 and 4 billion ■ 
ye^rs aga Hpwever, the far side of 
the Moon IS airn.ost entirely com¬ 
posed of light-colored, rugged, and 
heavily cratered terrain jdentical to 
the highland’regions on the front 
side, and there are only a few - 
patches of dark lava-like material. 
Furthermore, the Moon's upper layer 
(the crust), is also uneven. On the - 
front side. \ifheFe the maria are, the 
lunar crust is about 60 kilometers (37 
miles) thick. On the back side, it is 
over 100 kilometers (62 miles) thick 
(^ure 7). 

^e still do not know enough to ; 
explain these different observation^. 
Perhaps the Moon points its small 
end toward the Earth because of tidal 




/ 


o 

ERIC 


' 0 . * 




fc^rces that have kept it trapped in 
that position for billions of years. 
Perhaps lava-erupted only on the 
front'side because Ihe crust was 
'thinner there. These differences could 
tell us much-about the early years of 
the Moon, if we could understand 

« Q 

them. 


Hnafre more measurements oflhe 
magnetisr^ on th'e lunar surface, we 
may find a definite Answer to the 
baffling question. . * 


(3) Is ihe Moon now molten inside? 

We know that there were'great vol¬ 
canic eruptions on the Moon billions 
of years ago, but we do not know 
how long they continued. To under¬ 
stand the Moon's history completely, 
we need to fmd put if the ipside ot‘ , 
the Moon Is still hot and partly mol¬ 
ten. More information about the heat 
flow coming out of the Moon may ' 
help provide an answer. 

(4) D^s the Moon have an iron 

cdre like the Earth? ^ 

This question is critical to solving the 
puzzle of arKient lunar magnetism. At 
the moment, we-have'-so-liftJe-data— -- 
that we can neither rule out the 
possible existenc^ofa small iron 
core nor prove Then-one is presiont. If 
we can determiiVniore accurately 


^5) How old are the youngest, lunar 
rocks? 

■^pjYhe youngest rocks collected from 
Ihe Moon were formed 3.1 billion ^ 
years aqo We cannot determine'now 
the Moon heated up and then cooled 
again until we know whether these • 
eruptions were the fast or whether 
volcanic activity continued on the . 
Moon for a much longer time. 


(6^ the Moon now really “dead”? 

Unexplained occurrences of reddish^- 
glows,, clouds, and mists have been 
reported ®n the Moon s surface ior ^ 
over 3Q0 yeap These "lunar tran¬ 


sient events, as they aTe Ca_lljed, are 
slill not explained It is important to. 
determine what they are, because 
they may indicate regions where, 
gases and other^-roater4als-ore-stili - - 
coming to the surface from inside the 
Moon. ' 


the nature of the Moon's interior and 
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WHATDO • 
srWEOONPW? > 

For all vte have learned'^bbut the 
Moon, the exploration of oor nearest 
' neighbor world has only just begun 
Much ol the returried lunar sample^.^ 
materiai/emams to be studied, and 
.we will continue to analyze the data 
from the instruments on the Moon as 
long as they operate. 

From what we have learned, we ' 
caflinow confidently plan ways to use 
* ^ the Moon to help us understand 
better'the behavior of our own planet. 
One such project involves using sev¬ 
eral reflectors that wer^ placed on * 
the Moon by Apollo astronauts. By 
bouncing a laser beam off these 
reflectors and back to Earth, we can 
measure variations in the-f'arth-Moon 
^ distance (^yt 400,obo kilometers or 
250,000 r/les) with an accuracy of a 
few centimeters (a few inches^r one 
part in. 10 billion). Continued rn^s- > 
uremeht of the Earth-Moon distance 
. as the Moon moves in its orbit ' ^ 

around us will make it possible to 
; ' recognize tiny variations that exist in— 
the Moon's motions. These variatidns . 
-> occur because the Moon is not quite 
a uniform, sphere, and, these minor 


movements contain' important dues 
about what the inside.pf the Moon is_ 
like. 

The laser reflectors, which need no* 
power, will last on the fot more 
thari a centu’^y before being covered 
with slow-moving lunar dust. Long ’• 
before'that, continuous measure¬ 
ments shield rnake it possible to 
understand the internal structure of 
the’M^. It m^ even be possible to 
use the Moon to measure the slow 
movements of the Earth s continents 
and oceans a^ they converge and 
stparate. ■ ' 

To further explore the Moon itself, 
we can send machines in place of 
men. An unmanned spacec/aft could 
grcle the Moon from pole-Jo pole, 
rneaSuring its chemical co(nposition, 

' radioactivity, gravity, and rnagnetism. 
This mission would carry pn the tasks 
begun tjy the Apollo Program and 
would produce physical and chemi¬ 
cal maps of the whole Moon. Such ■ 
an orbiter could also serve as a 
prototype for l^ter spacecraft and 
instruments to be put into orbit ■ 
around Mars or Mercury to map and 
study those planets as we have 
rrjapped and explored the Moon “ 


Other spacecraft, like the Russiarr 
Luna-16 and Luna-20.laijdbrs, could 
return small'samples from locatjpns 
never before visited: the far side, the 
pole's, or the sites of the puzzling 
transient events. Because of the 
Apollo Program, \ye now know how to 
analyze such small samples and how 
to interpret correctly the data*we 
odfSM. Each landing and sampip 
return .would have a double purpo’^e"' 
to teach us more aboJt the Mt^n, 
and to help Os design the machines 
that might return samples from the 
surfaces o.f Mars, Mercury, or.the 
moons of Jupiter*. 

Finally, we may see man return to 
the' Moon, not as a passing visitor but 
as a long-term i^ifitent, building 
bases from whiQ^to explore the 
Moon and erecting astronornical in¬ 
struments that use the Moon as a 
platform from which to see deeper 
into the mysterious universe that sur¬ 
rounds us. 
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the last few years' ' ' 

(SP 350) Apollo Expeditions to the 
Moon.' Washington, D.C., ' 
Superintendent of, Documents, U.S. 
Government Printing Office, 326 p., ^ 
price $^90. Stock Number 
033-000-00630-6. A history of Apollo ' 
as told by the'Apollo astronauts and 
key NASA personnel. Four-color 
illustrations. . ' 


For sale by the Superintendent of Documents. U.S, Goverj^ment Printing Office 
WiiNogton,O.C.*20402-Price 70 cents* «> 

PQ^ptockrtoOsa-ooci-ooesa-s ^ , ' 

a fnWrnum chOT» of $1.00 for each tn«l order 


27 


NOTE FOR. . ‘ 

SCIENTISTS AND' 
EDUCATORS. 

The Lunar Science Institute in Hous¬ 
ton, Texas can provide further infor¬ 
mation about lunar science and . 
about data resources that are'availa- 
ble.for scientific and educational pur- 
.poses. In particular, the Institute 
maintains lists of available books, 
■articles, photographs, maps, and . 

■ • other materials dealing with the Moon 
, and the Apollo missions. For further. 

V information. Contact: • 

Lunar Science Institute 
Data Cente r. Code \1 __ , ■ 

’ ’"’3303 NASA Road Vi V 
Houston, TX 77058 ■ 

Phone (713) 488-5200 , , 

Inquiries about participation in NASA- 
.^supported programs of research on •' 
lunar samples and pther"aspects of 
lunar science should be addressed to; 

Deputy Director 

Lunar and' Planetary Programs Ofli.i^ 
Code SL' •. - 

NASA Headquarters 
Washington,pc 20546 . . 

Phone (202) >55-3730. , ■ 


I ': 


, , » . ■ 

Earthrl$0, Photograph byiApollo 12 crew 
captured a crescent Earth ristng above 
the lunar horizon 
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